The placenta facilitates the exchange of nutrients and wastes in an effort to promote fetal development. Disruptions in the establishment of the placenta and its interactions with the maternal uterus are potential causes of pregnancy failure. In this study we investigated the pregnancy phenotype of two inbred rat strains: the Dahl Salt Sensitive (DSS) strain and the Brown Norway (BN) strain. The DSS strain is reported to have large litters, whereas the BN strain has small litters. Pregnant female rats of each strain were killed on various days of gestation. At the time of killing, the number of viable versus dead and/or resorbing conceptuses was determined. Placental tissues from viable conceptuses were collected and processed for biochemical and histologic analyses. The number of viable conceptuses at Days 8.5 and 18.5 of gestation was significantly greater in DSS versus BN rats. Additionally, the number of resorbing and/or dying conceptuses was significantly greater in the BN strain than in the DSS strain. Maternal responses to pregnancy and elements of placental and fetal development in DSS and BN rats differed. Immunohistologic analysis of placentation and gene expression profiles revealed that trophoblast cell invasion into the uterine mesometrial compartment was significantly less in the BN strain versus the DSS strain. In contrast, the uterine natural killer cell population was reciprocally expanded in the BN strain. The impairment in trophoblast cell invasion in BN rats was associated with a smaller junctional zone compartment of the chorioallantoic placenta. Collectively, the data indicate that BN rats exhibit a unique form of placentation and may represent an excellent model for investigating the genetics of placental development.
INTRODUCTION
Pregnancy is a complicated biologic process that requires a dynamic interaction between embryonic and maternal tissues. Fertilization activates cell division of the embryo. As the embryo increases in size, some of its cellular constituents become exposed to different environments, marking an early trigger to differentiation of trophectoderm and inner cell mass lineages [1] . Trophectodermal lineages develop into parts of the placenta, while the inner cell mass lineages form embryonic and some extraembryonic structures. Simultaneously, the maternal endocrine system signals critical changes in the mother's tissues, especially the uterus [2] . A striking interdependence ensues between mother and embryo. Virtually every tissue and physiologic process within the mother is impacted by pregnancy [3] [4] [5] . Maternal metabolic, vascular, and immune systems are modified to enrich nutrient flow to the embryo/fetus and to promote embryonic/fetal survival. Ineffective adaptive mechanisms to pregnancy culminate in disease and negative outcomes for the embryo/fetus. Experiences during the prenatal period have lasting effects, influencing postnatal and adult disease processes [6] [7] [8] . Molecular mechanisms and signaling events involved in the establishment and maintenance of pregnancy have not been adequately determined.
The objective of this research project was to identify model systems for investigating the genetics of pregnancy and placentation. We have selected the rat for our analysis because of its demonstrated utility in studying complex biologic functions [9] . In this report, we provide insights into the placentation-related phenotypes of two inbred rat strains (Dahl Salt Sensitive [DSS] and Brown Norway [BN] ). The DSS and BN inbred rat strains were selected for the analysis because they possess distinctive reproductive characteristics. DSS rats breed well and have large litters, whereas BN rats breed poorly and have small litters [10, 11] . We report that the BN rat possesses a distinct placentation phenotype, including a profound impairment in intrauterine trophoblast cell invasion, a growth-restricted junctional zone compartment of the chorioallantoic placenta, and compensatory increases in uterine natural killer (NK) cells.
MATERIALS AND METHODS

Animals and Tissue Preparation
BN and DSS inbred rats were obtained from Charles River Laboratories (Wilmington, MA). ACI inbred and Holtzman Sprague-Dawley outbred rats were purchased from Harlan Sprague-Dawley (Indianapolis, IN). Animals were housed in an environmentally controlled facility, with lights on from 0600-2000 h, and were allowed free access to food and water. DSS and BN inbred rats were maintained on low-salt diets obtained from Harlan Teklad (3075S; Madison, WI) or Purina (5010; Richmond, IN). ACI and Holtzman SpragueDawley rats were provided a standard rodent laboratory diet (8604; Purina). Under these dietary conditions the DSS strain does not exhibit significant kidney or blood pressure pathologies. Additionally, pregnancy and placentation is similar in BN rats fed all of the above diets. Virgin female rats 8-10 wk of age for each strain were cohabited with adult males (.3 mo of age) of the same strain. Mating was assessed by daily inspection of vaginal lavages. The presence of sperm in the vaginal lavage was considered as Day 0.5 of pregnancy. Some pregnant DSS and BN female rats were weighed daily and killed on Day 18.5 of gestation, whereas others were not handled until killing on Gestation Days 8.5, 11.5, 13.5, 15.5, 18.5, or 21.5. At the time of killing, placental and fetal tissues were collected and weighed. The number of viable versus dead and/or resorbing conceptuses was determined. Placentation sites, including uterus, metrial gland, and placental tissues, were dissected from pregnant animals. Tissues were snap frozen in liquid nitrogen for RNA analyses. For in situ hybridization and immunocytochemistry, tissues were frozen in dry ice-cooled heptane. All tissue samples were stored at À808C until use. Protocols for these procedures have been described previously [12] . The University of Kansas Medical Center Animal Care and Use Committee approved all procedures for handling and experimentation with rodents.
Immunocytochemistry and TUNEL Analyses
Immunocytochemical analyses were used to identify trophoblasts, NK cells, smooth muscle cells, and endothelial cells. Analyses were performed on 10-lm tissue sections prepared with the aid of a cryostat and Histostain-AEC-plus kits (Zymed Laboratories, San Francisco, CA) according to the manufacturer's instructions unless stated otherwise. All immunostained tissue sections were examined and images recorded with a Leica MZFLIII stereomicroscope equipped with a CCD camera (Leica Microsystems GmbH, Welzlar, Germany).
Trophoblast cells. Rat invasive trophoblast cells were detected using a mouse monoclonal anti-Pan cytokeratin antibody (Sigma-Aldrich, St. Louis, MO) at a dilution of 1:400, as previously described [12] .
NK cells. A rabbit polyclonal anti-rat perforin-1 antibody (PRF1; Torrey Pines Biolabs, Houston, TX) was used at a concentration of 2.5 lg/ml to detect NK cells. Immunolocalization of PRF1 was visualized using alkaline phosphatase-conjugated goat anti-rabbit immunoglobulin (Sigma-Aldrich) and nitro blue tetrazolium/bromochloroindoyl phosphate (NBT/BCIP [Roche Molecular Biochemicals, Indianapolis, IN]), as previously described [12] .
Endothelial cells. Mouse monoclonal antibodies to platelet/endothelial cell adhesion molecule (PECAM; BD Pharmingen, Franklin Lakes, NJ) and to an uncharacterized rat endothelial cell-specific surface antigen (RECA1; Serotec, Oxford, UK) [13] and a rabbit polyclonal antibody to Von Willebrand Factor (VWF; Chemicon, Temecula, CA) were used to detect endothelial cells. The PECAM antibody was used at a dilution of 1:10, the RECA1 antibody at a dilution of 1:20, and the VWF antibody at a dilution of 1:100.
Smooth muscle cells. Smooth muscle cells were monitored with mouse monoclonal anti-smooth muscle a-actin (a-actin-2, ACTA2) antibodies (Sigma-Aldrich), rabbit anti-transgelin (TAGLN) antibodies (AbCam, Cambridge, MA), and mouse monoclonal antibodies to smooth muscle myosin heavy polypeptide 11 (MYH11; AbCam). The anti-ACTA2 and anti-MYH11 were used at 1:400 dilutions, and the anti-TAGLN was used at a 1:500 dilution.
Proliferating cells. A rabbit polyclonal antibody to MKI67 (Santa Cruz Biotechnology, Santa Cruz, CA) was used at a dilution of 1:200 to detect proliferating cells.
TUNEL assay. TUNEL assays were performed with In Situ Cell Death Detection Kits (Roche Applied Science, Penzberg, Germany) according to the manufacturer's instructions.
Northern Blot Analysis
Northern blot analysis was performed as described previously [14] . Total RNA was extracted from tissues using TRIzol reagent (Invitrogen, Carlsbad, CA). Total RNA (15 lg/lane) was resolved in 1% formaldehyde-agarose gels, transferred to nylon membranes, and crosslinked. Blots were probed with [aP 32 ]-labeled cDNAs for prolactin-like protein-A (Prlpa) [15] , prolactin-like protein-M (Prlpm) [16] , and prolactin-like protein-N (Prlpn) [17] . Glyceraldehyde-3 0 -phosphate dehydrogenase (Gapdh) cDNA was used to evaluate the integrity and equal loading of RNA samples. At least three different tissue samples from three different animals were analyzed with each probe for each time point.
In Situ Hybridization
In situ hybridization was performed as described previously [18] . Tenmicrometer cryosections of tissues were prepared and stored at À808C until use. Plasmids containing cDNAs for rat Prlpa [15] , Prlpm [16] , and Prlpn [17] were used as templates to synthesize sense and antisense digoxigenin-labeled riboprobes according to the manufacturer's instructions (Roche Molecular Biochemicals, Indianapolis, IN). Tissue sections were air dried and fixed in icecold 4% paraformaldehyde in phosphate-buffered saline. Prehybridizations, hybridizations, and detection of alkaline phosphatase-conjugated anti-digoxigenin were performed as previously reported [18, 19] .
Morphologic Measurements and Statistical Analysis
Morphologic measurements of intrauterine trophoblast cell invasion, thickness of the junctional zone, and uterine NK cell distributions in crosssections of Gestation Day 18.5 placentation sites were performed with National Institutes of Health Image J software. Measurements were made from a histologic plane at the center of each placentation site perpendicular to the flat fetal surface of the placenta. Definitions of each compartment within the rat placentation site (uterine mesometrial compartment, metrial gland, mesometrial deciduum, junctional zone, and labyrinth zone) have been described [12] . The uterine mesometrial compartment is the region located between the trophoblast giant cell layer of the chorioallantoic placenta and the outer surface of the uterus. This region includes the uterine mesometrial deciduum, which is located between the trophoblast giant cell layer of the chorioallantoic placenta and the inner myometrial layer, and the metrial gland, which is situated between the inner myometrial layer and the outer surface of the uterus. The chorioallantoic placenta consists of the junctional zone and the labyrinth zone. The junctional zone comprises an area bordered by the uterine mesometrial deciduum and the labyrinth zone. It contains trophoblast giant cells, spongiotrophoblast cells, and glycogen cells. The labyrinth zone is defined as the region of the chorioallantoic placenta vascularized by the allantois. This compartment contains syncytial trophoblast, cytotrophoblast, trophoblast giant cells, and fetal mesenchyme and its associated vasculature. An estimate of intrauterine trophoblast cell invasion was determined from the ratio of cross-sectional surface area associated with the uterine mesometrial surface area infiltrated by cytokeratin-positive cells and the entire surface area of the uterine mesometrial compartment. The thickness of the junctional zone was estimated from crosssectional area measurements of Prlpa mRNA-positive placental sections. Measurements were expressed as junctional zone cross-sectional area and as the ratio of junctional zone cross-sectional area to total chorioallantoic placental cross-sectional area. Uterine NK cell numbers were estimated from crosssectional distributions of PRF1-immunopositive cells located in the uterine mesometrial compartment. A minimum of eight placentation sites from a minimum of eight different animals from each strain were examined. All statistical comparisons of mean values for DSS versus BN strains were determined by Student t-test. Gestational time course data on body weights and body weight gains were evaluated with analysis of variance. The source of variation from significant F-ratios was determined with Newman-Keuls multiple comparison test [20] .
RESULTS
Pregnancy in DSS versus BN Rats
Rates of early pregnancy loss were greater in the BN strain. Approximately 40% of all BN sperm-positive females failed to possess a confirmed pregnancy on Day 18.5 of gestation (sample sizes: DSS, n ¼ 19; BN, n ¼ 20), an incidence twice that of the DSS strain. The number of viable conceptuses at Days 8.5 and 18.5 of gestation were significantly greater in DSS versus BN rats (P , 0.001; Fig. 1, A 
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Additionally, the number of resorbing and/or dying conceptuses was significantly greater at Day 18.5 of gestation in the BN strain than in the DSS strain (P , 0.01; Fig. 1C) . Collectively, the data suggest that BN rats exhibit significant problems in establishing and maintaining pregnancy.
Maternal, Placental, and Fetal Responses to Pregnancy
Maternal responses to pregnancy in DSS and BN rats differed, as demonstrated by body weight measurements. Female DSS rats are larger than female BN rats and gain more weight during gestation (Fig. 2, A and B) .
Placental and fetal gravimetric responses to pregnancy in DSS and BN rats also were monitored on Day 18.5 of gestation (Fig. 2, C-F) . Placental weights were significantly greater for the DSS strain than the BN strain (P , 0.001; Fig. 2C ). The difference is striking because there is a well-known litter size effect on placental growth [21] [22] [23] [24] , and the expectation would be larger placentas with small litters. Interestingly, there were not significant differences in fetal size. Thus, placental and pregnancy-associated adaptations in the BN rat are sufficient to ensure fetal growth comparable to that observed in the DSS rat.
Genetic Differences in the Organization of the Rat Uterine Mesometrial Compartment
The organization of the maternal-fetal interface differed dramatically between the two strains. Differences were noted in the uterine mesometrial compartment and the organization of the chorioallantoic placenta. During the last week of gestation, trophoblast cells typically exit the chorioallantoic placenta and invade into the uterine mesometrial compartment, where they associate with maternal vasculature [18] . These invasive trophoblast cells can be readily distinguished from uterine stromal cells by their expression of the intermediate filament, cytokeratin, and their expression of members of the prolactin gene family. Invasion of trophoblast cells into the uterine mesometrial compartment of BN rats was significantly decreased in comparison to trophoblast invasion into the uterine mesometrial compartment of DSS rats, as detected by cytokeratin immunostaining (P , 0.001) and prolactin family gene expression (Prlpa, Prlpm, and Prlpn; Figs. 3 and 4) . DSS intrauterine trophoblast invasion was robust and comparable to intrauterine trophoblast invasion observed for the inbred ACI rat and the outbred Holtzman Sprague-Dawley rat (Fig. 5) .
Invasive trophoblast cells can be distinguished based on their positioning relative to the uterine vasculature. Those cells that penetrate the vessel lumen and replace the endothelium are referred to as endovascular invasive trophoblast cells, and those cells that surround the vasculature are termed interstitial invasive trophoblast cells. Endovascular and interstitial invasive trophoblast cells could be identified within the uterine mesometrial compartments of both strains (Fig. 6) . Although both types of invasive trophoblast cells are present on Day 18.5 of gestation in both strains, the overall contribution of interstitial invasive trophoblast cells was less in the BN placentation site than in the DSS site. This observation was most evident following evaluation of a gestational time course of trophoblast cell invasion (Fig. 7) . On Day 15.5 of gestation, considerable interstitial trophoblast cell invasion was initiated in the DSS strain but not in the BN strain (Fig. 7, I-L) .
Within the uterine mesometrial compartment of the pregnant rat there is a reciprocal relationship between invasive trophoblast cells and uterine NK cells [18] . NK cells are abundant throughout the uterine mesometrial compartment at midgestation to Gestation Day 15.5 (Fig. 8, A-L) , and their distribution does not appear to differ significantly between DSS and BN rats. However, as the invasive trophoblast cells   FIG. 4 . Expression of Prlpa, Prlpm, and Prlpn mRNAs in the uterine mesometrial compartment. A-F) In situ detection of mRNAs for Prlpa (A and B), Prlpm (C and D), and Prlpn (E and F) was performed on frozen sections from Gestation Day 18.5 placentation sites of DSS (A, C, and E) and BN (B, D, and F) strains. Sections were counterstained with nuclear fast red. Bar ¼ 1 mm. G) Total RNA was isolated from Gestation Day 18.5 uterine mesometrial compartments of DSS and BN strains. Prlpa, Prlpm, and Prlpn mRNAs were estimated by Northern blot analysis. Gapdh was used as a control to demonstrate integrity of the RNA and loading accuracy. migrate into the mesometrial compartment, NK cells disappear (Fig. 8, M-T) . The reciprocal relationship is maintained in DSS and BN rat strains (Figs. 8 and 9 ). On Days 18.5 and 21.5 of gestation in DSS rats, uterine NK cells are few in number and are relegated to small blood vessels at the periphery of placentation sites, which represent areas devoid of invasive trophoblast cells (Figs. 8 and 9 ). In BN rat placentation sites, uterine NK cells are more abundant (P , 0.001; Figs. 8 and 9 ). They are retained in the uterine mesometrial area lacking invasive trophoblast cells and associate with the vasculature.
Both the DSS and BN uterine mesometrial compartments are well vascularized (Fig. 10) . The vascularization was demonstrated by staining with endothelial (RECA1, PECAM, and VWF) and vascular smooth muscle (ACTA2, TAGLN, MYH11) cell markers. RECA1-and VWF-immunopositive cells (data not shown) exhibited a similar tissue distribution. However, RECA1 was easier to visualize at low magnification. Regions of the internal lining of DSS and BN uterine mesometrial vasculature were identified as possessing four different phenotypes: 1) RECA1-and PECAM-positive endothelium, 2) RECA1-positive and PECAM-negative endothelium, 3) mixed phenotype containing RECA1-positive and cytokeratin-positive cells, and 4) cytokeratin-positive trophoblast cells. Blood vessels in the central region of the uterine mesometrial compartment from both rat strains were devoid of cells expressing differentiated smooth muscle cell proteins (Fig. 11) . The lack of differentiated smooth muscle cell protein expression was independent of the presence of uterine NK cells or invasive trophoblast cells. 
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Genetic Differences in the Organization of the Rat Chorioallantoic Placenta
We hypothesized that strain differences in trophoblast cell invasion into the uterine mesometrial compartment could be associated with proliferation, cell death, or differentiation of the invasive trophoblast cell population. The junctional zone of the chorioallantoic placenta contains progenitors for invasive trophoblast cell differentiation [18, 25] . Proliferation (assessed by MKI67 immunostaining) and cell death (assessed by TUNEL) did not differ within the invasive trophoblast cell populations or junctional zones of DSS and BN rats (data not shown). Significant differences were noted in the sizes of the junctional zones of the two strains. The BN junctional zone was reduced in size when compared to the DSS junctional zone (P , 0.001; Fig. 12 ). The genetic difference also is evident when the junctional zone area is calculated as a ratio of the entire chorioallantoic placenta. Thus, the data are consistent with the BN rat possessing hypomorphic development of the junctional zone and its derivatives.
DISCUSSION
Pregnancy involves a dialogue between maternal and placental structures designed to ensure fetal development. The rat represents an intriguing model for studying the genetics of pregnancy. In this investigation we have identified quantifiable genetic traits associated with the progression of pregnancy. The DSS rat maintained on a low-salt diet exhibits a pregnancy phenotype similar to outbred Holtzman SpragueDawley rats [12] . The BN rat possesses a small litter size, an increased frequency of pregnancy failure, and distinct features of placentation. An overview of the strain-specific genetic differences in placentation is presented in Figure 13 .
The maternal-fetal interface is a dynamic site where uterine and placental structures cooperate to promote the development of the embryo/fetus. These specialized tissues facilitate PLACENTATION IN THE BROWN NORWAY RAT efficient nutrient delivery. The rat possesses a hemochorial placenta [25, 26] . This type of placentation is characterized by erosion of the maternal uterine epithelium and vasculature, permitting the direct flow of maternal nutrients to trophoblast cells. Cellular specializations develop that facilitate trophoblast cell interactions with two vascular beds. Trophoblast cells connected to the maternal vasculature specialize in facilitating nutrient flow to the placenta, whereas trophoblast cells developing in proximity to the fetal vasculature promote nutrient transfer to the fetus. DSS and BN rat strains represent extremes in the extent of intrauterine trophoblast cell invasion. DSS intrauterine trophoblast cell invasion is robust, whereas BN intrauterine trophoblast cell invasion is modest in comparison. The inference is that the DSS invasive trophoblast cell trait, which is similar to that of outbred rats and at least two other inbred strains (ACI, Fischer F344) [present study , 18, 27] , may favor efficient delivery of nutrients from the maternal vasculature to the placenta. Invasive trophoblast cells associate with uterine spiral arteries supplying the mesometrial uterine compartment, and the uterine spiral arteries undergo a pregnancy-specific modification [18, [28] [29] [30] . Invasive trophoblast cells are likely involved in this vascular remodeling; however, the specific tasks they perform are not well understood.
Invasive trophoblast cells consist of two apparently distinct lineages: endovascular and interstitial [18, [27] [28] [29] [30] . Endovascular trophoblast cells replace the endothelium of the uterine mesometrial spiral arteries, whereas interstitial trophoblast cells surround these uterine vessels. Phenotypic differences in endovascular versus interstitial invasive trophoblast cells were reported previously [27] . Although both invasive trophoblast cell lineages are present in DSS and BN rats, the size of the interstitial invasive trophoblast cell population was notably smaller in the BN placentation site, especially when observed at Gestation Day 15.5. These observations suggest that at least some aspects of the regulation of the two invasive trophoblast cell lineages are independently controlled.
Factors underlying differences in DSS and BN rat trophoblast cell invasion were not initially apparent. In the current study, invasive trophoblast cells of the two rat strains did not appear to differ in their proliferative capacity (MKI67 staining) or their apoptotic index (TUNEL staining). A prominent difference was observed in the junctional zones of the two strains. The BN junctional zone is significantly smaller than the DSS junctional zone. Since the junctional zone is the source of invasive trophoblast cell progenitors [18, 25] , it is plausible that the limited BN trophoblast cell invasion was related to the growth-restricted BN junctional zone. A number of genes have been identified as critical to junctional zone development through mouse gene targeting experiments. These genes include: Cbp/p300-interacting transactivator with Glu/ Asp-rich carboxy-terminal domain, 2 (Cited2) [31] , epidermal growth factor receptor (Egfr) [32, 33] , achaete-scute complex homolog-like 2 (Ascl2) [34] [35] [36] , pleckstrin homology-like domain, family A, member 2 (Phlda2) [37, 38] , B-Raf (Braf) [39] , keratins 8 and 19 [40] , cullin 7 (Cul7) [41] , heat shock factor 1 (HSF1) [42] , nuclear receptor coactivator 6 (Ncoa6) [43] , gap junction membrane channel protein b3 (Gjb3) [44] , chorioderemia (Chm) [45] , and those associated with hypoxiainducible factor signaling [46] [47] [48] . In addition, nutrient availability is a known regulator of junctional zone development [49, 50] . Whether any of the junctional zone development regulatory genes are dysregulated or dysfunctional in the BN rat remain to be determined.
BN rat placentation is associated with apparent adaptive responses in the uterine mesometrial compartment. The compensatory reactions include the persistence of mesometrial uterine NK cells into late gestation. Uterine NK cells are prominent at midgestation in the rat [18, 51] and mouse [52, 53] and during early pregnancy in the human [54] . At least in part, they are viewed as modulators of the uterine vasculature [55, 56] . As gestation progresses they disappear and are functionally replaced, to some extent, by invasive trophoblast cells [18] . Although the regulation of uterine NK cell trafficking and demise is not well understood, uterine NK cells do exhibit a reciprocal relationship with intrauterine invasive trophoblast cells [18] . Some speculations can be offered regarding the relationship between uterine NK cells and invasive trophoblast cells. First of all, limited trophoblast cell invasion in the BN rat may be the result of the overabundance of uterine NK cells. Such a hypothesis is consistent with previous results indicating that uterine NK cells and their products can inhibit intrauterine trophoblast cell invasion [18, 57, 58] . However, such observations are not consistent with a recent report suggesting that uterine NK cells may actually promote trophoblast invasion [59] . There also is some evidence that BN rat NK cells are phenotypically distinct [60] , which may contribute to their unusual composition and possibly actions in the BN uterine mesometrial compartment. The quantifiable trait differences in placentation can be exploited to discover regulatory genes controlling placentation. The genetic control of physiologic processes can be investigated with chromosome-substituted inbred strains of rats. Chromosome-substituted rat strains have been generated with BN chromosomes introgressed into the DSS inbred strain [61] . The BN rat genome also represents the genome sequenced for the rat genome project [62] . Analyses of chromosomesubstituted strains of mice and rats have proved to be effective tools for ascribing function to the genome [61, 63, 64] . DSS-BN chromosome-substituted strains should provide a tool for the discovery of genes critical to pregnancy regulation and placentation.
In conclusion, the data indicate that BN rats exhibit a unique pattern of placentation and may represent an excellent model for investigating the genetics of placental development.
